One of the most tantalising 'grand challenges' in structural biology is to solve the problem of predicting the structure of a protein from its amino acid sequence alone. Although this problem appeals to many researchers on a purely academic level, the practical importance of protein structure prediction has become particularly clear with the release of the first draft of the complete human genome sequence last year. This moved modern biology into the new so-called 'post genome' era, and for the foreseeable future, one of the main issues in modern biology will be the characterisation of the many 'unknown' gene sequences which are now sitting waiting in DNA and protein data banks. Protein structure can provide a great deal of insight into the evolutionary origins, function and mechanism of a protein, and so any means for determining the 3-D structure of a novel protein will likely be of critical importance. The Pharmacogenomics Journal (2001) 1, 126-134.
structure. The comparative modelling process can be divided into five basic steps: alignment of the target sequence with the sequence of a protein of known 3-D structure; building of a framework structure based on the alignment; loop building; addition and optimisation of side chains; and finally model refinement. In the first three CASP experiments there has been a measure of disappointment in the limited degree of technical development that has been apparent in comparative modelling, and it must be said that CASP4 has continued this tradition. Before being critical it is important to emphasise the positive aspects which are readily apparent. Firstly there has been a definite advance in the accuracy of sequence alignments for target-template pairs which are only distantly related. Indeed, some of these pairs would previously have been considered to be so distantly related as to be only suitable for fold recognition. This has come from the common usage of sensitive sequence prowww.nature.com/tpj file alignment methods such as PSI-BLAST 7 or one of the several methods based on Hidden Markov Models. 8 A second area of improvement is that many of the models submitted to CASP4 have been generated by either entirely automatic, or at least semi-automatic approaches. Nevertheless, the very best models (generated by the Sternberg and Venclovas groups) were the result of extensive manual improvements to the models, particularly at the alignment stage.
Despite the evident improvements in automatic alignment accuracy in CASP4, there is still a lot to criticise in the comparative modelling field, at least as viewed in the CASP experiment. Although alignment accuracy has certainly improved since the first CASP experiment, it is still fair to say that, apart from cases where the target has a very close homologue of known structure, the vast majority of comparative models entered into CASP4 still display quite serious errors in alignments. As a result of these alignment errors it becomes very difficult to make any reasonable attempt at loop fitting or side-chain building because the basic backbone structures are too inaccurate. Given the fact that each predictor starts with a different alignment and different choice of template structure it is also very difficult to determine which of the different loop fitting and side-chain building methods are the best performers. As a result of this difficulty it has been proposed that for CASP5, a second deadline in the comparative modelling section will be defined. After the first deadline has passed, comparative modelling groups will be provided with a reference alignment and asked to fit loops and build side chains based on this alignment. This simple step should allow more meaningful comparisons to be carried out between different methods.
Probably the most disappointing aspect in comparative modelling continues to be the fact that final models are still no closer to the experimental structures than the original template protein. This clearly indicates that none of the molecular mechanics refinement procedures are actually managing to move the unrefined structures towards the correct structures. The failure of molecular mechanics methods to refine structures remains a fundamental barrier in comparative modelling and ultimately places a limit on the accuracy that one can expect even from the best models.
FOLD RECOGNITION
Classically, fold recognition or threading methods have been applied in cases where no suitable homologous template structure can be found to permit the building of a model by comparative modelling. The earliest fold recognition approaches were designed specifically to recognise folds in the absence of sequence similarity, and indeed, the sequence of the template protein was usually not taken into account at all. However, the boundaries between comparative modelling and fold recognition are now becoming increasingly blurred. Certainly for targets which belong to a currently known superfamily of known structure it can be expected that increasingly sensitive sequence comparison methods will equal or even surpass the abilities of true fold recognition methods. This should not be surprising as in cases of even very distant homology sequence conservation provides a great deal of information with which to produce an accurate sequence-structure alignment. Ignoring this information, as is done with many fold recognition methods, will almost certainly therefore produce less accurate alignments. In view of this, many developers of fold recognition methods have been attempting to combine sequence profile alignment methods with fold recognition. This should, in principle, produce an alignment method which can produce accurate alignments both where the target and template proteins are in the same superfamily and when they are not.
One significant new development in CASP4 was the inclusion of a parallel experiment: CAFASP2, organised by Dani Fischer (http://www.cs.bgu.ac.il/ෂdfischer/CAFASP2/). CAFASP (Critical Assessment of Fully Automated Structure Prediction) attempts to consider the long-standing issue of
The Pharmacogenomics Journal assessing the value of human intervention in the prediction process. The 'man vs machine' debate was brought to the fore by the success in CASP2 of the group comprising Alexey Murzin and Alex Bateman from Cambridge. Unlike other groups who were mostly relying on particular computational prediction methods, this group relied mostly on careful manual sequence analysis and a great deal of accumulated knowledge on protein structure and function gained from the continued curation of the SCOP database. 9 The success of the Murzin team in CASP2 led many other groups at CASP3 to also follow a 'manual' approach to protein structure prediction, though these groups typically made use of some computational assistance to compensate for not having Murzin's unique knowledge of protein structure. Predictions at CASP3 (and CASP4) can therefore be best described as 'computer assisted' predictions, rather than truly automatic predictions. Of course some groups make more use of human intervention than others, but nonetheless it is now no longer possible to correlate success at CASP directly with a single published method. The first CAFASP experiment 10 was held shortly after CASP3 as a proof of concept. As CAFASP1 was held after the CASP3 results had been revealed, it was not a true 'blind test', but the aim in this case was simply to see whether it was possible to evaluate the prediction results generated by machines rather than human beings. The basic idea of CAFASP is that groups taking part in the experiment should set up a Web server based around their computational prediction methods. Although at the time of CAFASP1 there were already a small number of publicly available structure prediction Web sites, including Burkhard Rost's pioneering PHD server, originally at EMBL, Heidelberg, but now at Columbia University, 11 the importance of making prediction methods available on the Web has only fairly recently become fully apparent. Using their fold recognition servers, groups participating in CAFASP1 submitted the output of their servers for each of the CASP3 targets and the results were assessed. Assessment of the CAFASP1 predictions was carried out more or less manually, and in addition predictions were 'policed' manually to ensure that the servers actually did produce the results which were submitted. The level of manual intervention in the CAFASP assessment process was rather too high for an experiment aimed at assessing fully automatic predictions, and so, thankfully, for CAFASP2 more or less the whole process was automated. This automatic submission and assessment system was developed jointly by Leszek Rychlewski, Dani Fischer and Arne Elofsson for the Livebench project 12 which attempts to evaluate the performance of prediction servers on a continuous basis using structures recently released in the PDB.
The idea at CASP4 was that CAFASP2 would run in parallel with the main experiment, but there would be an interface between them. The CASP4 assessors would assess both CASP4 and CAFASP2 submissions, and the CAFASP2 software would also eventually be used to evaluate CASP4 submissions. The intention here was not just to assess the quality of automatic predictions, but also to gain some insights into the limitations of fully automatic assessment methods. However, CAFASP2 had a rather more interesting effect on the fold recognition results at CASP4 than was perhaps first realised, which I will discuss later.
Assessing fold recognition results is a complicated business at the best of times. CASP4 is particularly problematic because of the relatively small number of predictions which are actually assessed. One criticism of the CASP evaluation process is that predictors are not informed in advance of how the predictions will be assessed. The decision on precisely how predictions will be scored is left to the assessors. It is important that assessors have some freedom to choose how to assess predictions as it is not possible in advance to know what kind and what quality of predictions will actually be received. However, it is also probably fair to say that assessors have probably been given too much freedom to date, and have often elected to try out new assessment methods which are not fully understood by the predictors at the time of the CASP meeting. This should not be taken as a criticism of the assessors, however, as they do a very hard job under almost impossible conditions. This is really more a comment on the inability of the prediction community as a whole to come up with agreed standards of assessment.
At CASP4 the fold recognition assessor was Manfred Sippl from Salzburg who elected to rate predictions on a scale of 0 to 4. A score of 2 represented a correct fold prediction, and a score below this was used to indicate a prediction with some structural similarity with the experimental structure. For example, a prediction for a target which turns out to have an immunoglobulin fold would score at least 2 for a prediction based on a member of the immunoglobulin superfamily, but might score only 1 for a prediction based on another beta sandwich fold with a similar topology (a lectin-like jelly roll fold for example). The intention was to try to replicate, at least in spirit, the scoring scheme used by Alexey Murzin in CASP3. 13 There were several differences between the assessment of CASP4 and CASP3, however. Firstly, whereas Alexey Murzin used a rather more subjective approach to scoring particular predictions (including looking at the predictions 'by eye'), Sippl elected to rely on automatically generated data tables generated using his structural superposition program Prosup.
14 This in many respects is a sensible move as it makes the assessment process much more transparent, although there are still some unclear aspects eg the precise method used to associate the raw data and the actual scores assigned to particular predictions. Nevertheless, we can definitely see some useful evolution in the way fold recognition predictions are assessed. Murzin at CASP3 opted for a simple and clear scoring scheme, and Sippl at CASP4 opted for a similarly clear scoring scheme, but with more reliance on automatically generated statistics.
The second way in which the CASP4 assessment differed from CASP3 was in the way domains were considered. The fact that many proteins comprise two or more structural domains has produced many difficulties for both predictors and assessors alike. Prediction target T0116, for example, was 800 residues long and turned out to comprise at least four or five structural domains. The difficulty of such a tarwww.nature.com/tpj get to a predictor should be fairly obvious. Most prediction methods, and fold recognition methods in particular, are designed to predict the structure of a single domain, and therefore fare very badly when confronted with a large multidomain target protein. However, such targets also provide difficulties to the assessment. Should multidomain targets score as a single prediction or as multiple predictions? How should structural repeats be handled? How should the domains be defined? There is also a complication about how incorrect predictions should be scored for multidomain targets. If a target is split into two target domains, say, and a predictor enters a single incorrect prediction under the assumption that the target is a single domain, is it reasonable to score this as two incorrect predictions or should it be considered as just one incorrect prediction? These are all open questions, of course, but rightly or wrongly, at CASP4 each target was divided into its constituent structural domains prior to the assessment process. It is also important to note that predictors were not provided with any information on the domain boundaries (apart from one or two cases where the information was provided by the experimentalists) before the closing dates of the prediction targets.
At the time of writing, although the raw assessment data are available from the Sippl group Web site (http://lore.came.sbg.ac.at/CASP/), the official assessment report is as yet unpublished. In view of this, it is not possible to comment on details of the assessment or to present any hard and fast ranking of particular groups (this would be impossible even with all of the available data). Instead, I have opted here for a rather subjective evaluation based on the rather dubious notion of counting the number of correctly assigned folds. However, this subjective assessment agrees well with the more detailed analyses, and is in many respects easy to describe and understand.
A total of 34 domains were considered during the main fold recognition assessment at CASP4. Of these 34 domains, 11 belonged to a superfamily of known 3-D structure (homologous structures; FR/H category), 11 had a known fold but were most probably analogues rather than homologues (FR/A category) and 12 were arguably new folds though with some weak similarities with known folds (FR/NF category). The inclusion of these 12 'almost novel' folds in the main fold recognition assessment must be considered rather controversial, but this did provide a rather useful insight into the results for one group in particular (that of David Baker from Washington University-see later). Considering all three categories together, of the 34 target domains, the fold for 26 of them was recognised by at least one group. Of the remaining eight target domains at least some structural similarity was identified by one group for at least four of them. This is overall a high level of success for the community as a whole. However, it must be recognised that this 'posterior' consensus evaluation is summed over a total of 127 prediction groups-that some of the targets folds were predicted correctly purely by chance cannot be discounted. The best groups managed to predict 10 or 11 folds correctly out of the 34 (22 if the 'almost new folds' are discounted). The most successful groups included Mike Sternberg's group (ICRF, London), David Baker's group (Washington University) and Alexey Murzin (LMB, Cambridge). Groups also scoring highly were Karplus et al (UC Santa Cruz) and the Friesner group (Columbia University). After this there follows a tight bunch of six groups with seven or eight correct folds (including the 3D-PSSM server from the Sternberg group). It is important to single Alexey Murzin out from the above listing, however, as his correct fold predictions came from only 16 submitted predictions (62.5% success rate). This should be compared to the success rate of most other groups (around 30% success rate). However, it is important to realise that predictors were not advised beforehand about whether or not incorrect predictions would be penalised, and so it is not really fair to compare success rates between groups. However, Murzin's 'reliability' is still impressive. On the negative side, however, even Alexey Murzin can be said to have a 38.5% failure rate, and of course for most other groups the failure rates were very much higher. A further issue here is of course the relative difficulty of targets, which we will look at next.
A more interesting view of the CASP4 results can be obtained by looking at the different categories of target separately. Considering just the 11 domains which have obvious superfamily-level matches (FR/H targets), all but one of the correct folds for the Sternberg group, for example, fell into this category. This means on the plus side that this group recognised almost all of the superfamily-level targets correctly, which is a very noteworthy achievement, but also means that they (and almost everyone else on average) failed to identify almost all of the others, which is perhaps less noteworthy. This is perhaps the clearest example of evidence in CASP4 that the recognition of superfamily membership is a very different problem from the recognition of actual folds. Of course, recognising a new sequence as being in a particular superfamily is of great biological value, particularly with respect to identifying the possible function of a newly characterised gene sequence. The overall progress that is evident in recognising distant homology is all the more impressive if one considers that none of the superfamilies of the 11 domains in the FR/H category could be recognised using PSI-BLAST alone. The fact that a combination of sequence analysis, 3-D structural analysis and human insight can identify 10 out of 11 difficult superfamily level matches correctly is probably one of the most positive aspects of CASP4.
However, with respect to the field of protein structure prediction itself, superfamily recognition is not really a core issue. What of other groups? In fact the same pattern is repeated throughout the whole set of results. In the FR/A category of analogous fold relationships, the best groups in this category only managed to assign three out of 11 folds correctly (Murzin and the Friesner groups) along with, quite bizarrely, the 3D-PSSM server entry from the Sternberg group, which managed to outdo its human masters by three folds to one. Interestingly, in the FR/NF category ('almost new folds') only one group really had any success at all: the Baker group with two out of 12 folds correct. However, it
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It is interesting to stand back and look at the results in the fold recognition at CASP4 to see how external and internal influences can change the direction of research across a whole field. Two things are apparent. Firstly, it is apparent that the field has devoted all its attention to superfamily recognition rather than fold recognition. Secondly, it is apparent that human intervention is still vital to get the best results. The fact that groups seem to have concentrated on superfamily recognition is not surprising given the new 'post genomic' impetus that has been driving the bioinformatics field more towards identifying protein function than predicting 3-D structure (though there is overlap between the two). In CASP1 and CASP2, the majority of fold recognition groups were still concentrating on the recognition of fold as a subset of the protein folding problem-ie recognising the native fold of a protein from a set of alternative conformations. At CASP3 and particularly at CASP4 this is no longer apparent. Most groups have now developed some kind of sequence profile-based method, either separate from their work on protein folding and threading, or integrated into their existing methods. The success of these developments is quite obvious in that the majority of superfamily relationships are now being correctly recognised by a large number of different groups. The downside to this is that the field has not significantly progressed in terms of recognising fold similarities which are not due to common ancestry. There is precious little success evident in this category even from the very best groups. However, as I have already pointed out, in terms of biology in general and genomics in particular, the ability to reliably recognize superfamilies is without doubt of paramount importance. Much more can be learned about the possible function and mechanism of a new protein from a match to a known superfamily than a simple match based on similar structure alone.
AUTOMATED PROTEIN STRUCTURE PREDICTION
A central theme of CASP is always the issue of human intervention. How much of the success shown in CASP comes from the algorithms which are being used and how much comes from the expert biological knowledge of the humans using the algorithms? Looking at the results discussed above it is quite clear that humans do add some value. Certainly all of the most successful groups mentioned above made use of the scientific literature to identify functionally related proteins from a shortlist of possibilities. It therefore seems clear that human intervention is required to make the best predictions, but what can a non-expert hope to achieve using just software alone? Also, is it possible to achieve the highest levels of success on a large number of targets? If, instead of 30 or so targets, there had been 300 targets, what would have been the result? It is likely, of course, that the human predictors would have buckled under this kind of load, and even 300 targets would represent a small fraction of the many thousands of families of unknown 3-D structure we presently know about. Clearly, if fold recognition, or pro-tein structure prediction more generally, is to play an important part in structural genomics then it is essential that we characterise the success of fully automated methods for structure prediction. This is where the CAFASP2 experiment plays an important role. As briefly stated earlier, the goal of CAFASP2 is to assess the state of the art in both automated protein structure prediction and the automated assessment of predictions. In outline, the CAFASP2 experiment is simple to describe. Firstly, groups with publicly available servers registered their servers with the CAFASP organisers. A software agent then submitted CASP4 target sequences as soon as they were released to the registered servers, collected the raw server outputs, which were sent by e-mail, and compiled a summary table. This summary table allowed anybody (both those involved in CAFASP2 and anyone else) to view the raw results obtained from each of the 30 or so servers. On top of this, for the fold recognition servers, Dani Fischer's group compiled consensus tables of the predicted folds, attempting where possible to tabulate the most commonly assigned SCOP fold code to each target. Again these data were made generally available during the CASP prediction season. This in itself was an interesting development, as although in previous CASP experiments predictors of course had access to the software developed by other groups, this was the first time that CASP predictors had access to such a large volume of results from other methods. One result of having consensus server predictions available is that the baseline for prediction success should be increased. In other words, in cases where the automated servers clearly agreed strongly on a particular fold or superfamily, there should be no excuse for groups taking part in CASP4 to miss those matches. It was certainly quite apparent that many groups in CASP4 did make good use of the consensus data, and there was evidence that fewer groups missed obvious matches in contrast to CASP3. Nevertheless, either because they did not look at the CAFASP2 data, or because they deliberately avoided looking at it, a substantial number of groups still managed to miss 'easy' predictions which were clearly indicated by the consensus data. A manually compiled consensus of the CAFASP2 servers was in fact entered as a 'fake' prediction group and ranked quite highly in the overall CASP4 assessment, but it must be pointed out that where no clear consensus was evident, human intervention was again used to make use of functional clues to pick the most appropriate fold. Also, in terms of the simple 'number of correct folds' statistic, the server consensus was actually outperformed by the 3D-PSSM server on its own, though in terms of overall model accuracy the consensus was ranked higher.
Despite the fact that in the 'man vs machine' contest, man was arguably the victor in CASP4 with 11 correct folds compared to eight, it is still a good sign that the machine still made a good showing. Indeed, it is actually quite surprising that human predictors were not able to show a greater superiority. This was probably due to the fact that the majority of targets in the FR/H (superfamily) category were relatively easily picked up by the servers, and the FR/A www.nature.com/tpj (analogous fold) targets were predicted poorly by both man and machine alike. It is possible that had the FR/A targets been somewhat easier in CASP4 that the machines might not have done as well. Despite this, the positive view is that any biologist, experienced in protein structure prediction or not, can make predictions using one of the publicly available fold recognition Web servers which are up to 70% as good as the very best human predictors in the world, and which are actually better than those produced by 90% of the prediction experts taking part in CASP4. These statistics are of course fairly meaningless, being based on insignificant amounts of data, but hopefully they are at least thoughtprovoking.
SECONDARY STRUCTURE AND CONTACT PREDICTION
Although the majority of methods in CASP are aimed at producing 3-D models of target proteins, the oldest area of protein structure prediction, namely secondary structure prediction, has always formed part of the experiment. The reason there remains great interest in secondary structure prediction is because it is used as a component of a widerange of 3-D prediction methods. Indeed, although it is rarely used in isolation, accurate secondary structure prediction is exploited by the vast majority of prediction groups taking part in CASP. Up until 2 years ago, the best and by far the most widely used method for predicting secondary structure was the PHD method developed by Burkhard Rost.
11 At CASP3, however, the PSIPRED method 15 showed a marked improvement in prediction accuracy over previous methods. Although PSIPRED is very similar to PHD in concept (using two levels of neural networks to analyse sequence profiles), it makes use of PSI-BLAST to provide more sensitive and more accurate sequence profiles. Added to this is a highly redundant training set including nearly 2000 separate profiles. At CASP4, PSIPRED was still ranked at the top of 20 or so methods evaluated, achieving an overall 3-state prediction accuracy (Q3 score) of 80.6% for all 40 target domains with no obvious sequence similarity to existing structures. However, the gap between PSIPRED and other new methods developed since CASP3, using similar approaches to PSIPRED, is now quite small.
Another area of protein structure prediction which has been difficult to categorise is that of contact prediction. The idea behind contact prediction is to identify contacting residues in a protein structure by analysing multiple sequence alignments and looking for correlated mutations. This idea is of course quite tantalising. The problem is that although it seems like too good an idea not to work, and there is certainly some evidence to suggest that it does work up to a point, the signal-to-noise ratio has been too low to make these methods useful. The jury is still out as to whether contact prediction is really a useful technique, but at CASP4, the Casadio group from Bologna showed some marked improvements in the quality of contact prediction. We will have to wait until these methods are developed further and tested in future CASP experiments before we can be sure whether or not they will prove useful in 3-D model building.
AB INITIO OR NEW FOLD PREDICTION
Perhaps the most exciting section of CASP has always been the ab initio prediction category. The challenge of predicting the structure of a protein from first principles or at least without reference to a template structure is the reason why so many people have become fascinated by the so-called 'protein folding problem'. The main problem in this category has now become the definition of 'ab initio'. Probably too much time at the various CASP meetings is spent worrying about semantics, but there are good grounds for concern in this area. The central dogma of CASP is that submitted predictions should be blind predictions. The overall mechanism of CASP whereby unpublished structures are used as prediction targets ensures that it is very difficult to 'cheat'. However, given the fact that fold recognition methods now have a very good chance of identifying some kind of fold similarity when presented with a target sequence with a fold which is not novel, it is becoming increasingly difficult to identify true blind predictions in the ab initio category. To be sure that an ab initio prediction has been truly successful on its own merits, and the predictor has not used a fold recognition method to identify likely structures, it is only possible to consider targets which have novel or 'almost novel' folds. For this reason it has been decided to rename this category of CASP as the 'new folds' section.
There are other more fundamental reasons why a name change has been deemed necessary. In the first CASP experiment a typical ab initio prediction method could be described along the following lines:
(1) Define a (possibly simplified) representation of a polypeptide chain and the surrounding solvent. (2) Define some kind of energy function which attempts to model the physicochemical forces found in real proteins. (3) Search for the simplified conformation which has the lowest energy-generally by some kind of Monte Carlo search or exhaustive enumeration.
This kind of approach to protein structure prediction has a long history, starting with the pioneering work by Harold Scheraga and co-workers in the 1970s, Warshel and Levitt's work in 1975, Kolinski and Skolnick's work with simplified lattice models in the 1990s and many others. This approach is assured of future development as well with IBM's development of a petaflop computer aimed at simulating the folding of proteins. The reason for there remaining such an interest in so simple a method for folding proteins is that there is a general feeling that this kind of approach may help to answer some of the questions pertaining to how proteins fold naturally. The basic idea is that by keeping as close to real physics as possible, even simplified models of protein folding will provide useful insights. However, in the same way that chess computers do not play chess in the same way as a human grand master, it is quite possible that other approaches to computational protein folding may be more effective at producing better predictions. Although the ab initio predictions for the first CASP experiment were more or less based around the above out-
The Pharmacogenomics Journal line method, during CASP2 another approach was tried for the first time with some success. The best of these predictions came from my own laboratory, and was close enough (␣-carbon RMSD of 6.2 Å) for us to be sure that the fold was correctly predicted. The method used, called FRAGFOLD, 16 was essentially a Monte Carlo approach where supersecondary structural fragments of highly resolved protein structures are joined together, and the resulting chain conformations evaluated using a potential function based on the potentials used in our threading software. This potential function is extended with ad hoc terms to take into account steric effects, hydrogen bonding and chain compactness. Despite the modest level of this success (the target in question was a helical protein of uncomplicated topology), this result was significant in that it was the first correct blind prediction of a novel protein fold (there were at the time no proteins with a similar fold in the Protein Databank).
At CASP3, however, even more success was apparent using so-called 'fragment assembly' methods. In this case, David Baker and his group at Washington University, using their program ROSETTA, 17 were able to build a number of very good models for proteins with novel folds. Again, success was mostly limited to alpha-helical proteins, though this time with more complicated topologies.
Following on from their success at CASP3, David Baker's group again pushed back the envelope in the prediction of novel folds at CASP4 as this time there were not only good predictions of alpha-helical proteins, but also some good predictions of proteins with folds in the alpha/beta class (see Figure 1) .
Although the Baker group clearly produced the best collection of new fold models, the following groups also produced some good models: the Skolnick group (Danforth Centre, St Louis), the Jones group (Brunel University, UK), the Rose group (Johns Hopkins University), the Shortle group (Johns Hopkins University), and Alexey Murzin (LMB, Cambridge). Apart from the Rose group and the Skolnick group, the other groups were essentially using a fragment assembly approach to predicting folds. In two cases (Shortle and Murzin), a more or less manual fragment assembly procedure was used instead of a fully automated approach.
It is quite clear that fragment assembly approaches to predicting the structures of proteins with novel folds will continue to develop further and to greatly increase in popularity. One interesting aspect of the methods developed by the Baker group is that the same basic method was used not only for predicting novel folds, but also in the comparative modelling and fold recognition categories. In the case of comparative modelling and fold recognition, fragment assembly can be used to build long loops or even small inserted domains with some apparent success. This points to the possible development of a single unified method for predicting protein structure in the not too distant future. Whether a prediction is classified as comparative modelling, fold recognition or ab initio will simply depend on what kind of starting information is used. 
CONCLUSIONS
So what does this preliminary view of the CASP4 results tell us about the state of protein structure prediction? One clear positive conclusion we can reach is that real progress has been made in a number of areas. Firstly there has been progress in making good use of sequence profiles both to automatically produce accurate alignments for comparative modelling and to recognise distant homology in the case of fold recognition. Secondly there has been progress in the development of fragment-based methods for protein folding. Although it is clear that we are a long way from having examples of every naturally occurring protein fold in the protein structure data banks, it is likely that we have observed the vast majority of possible substructural motifs (supersecondary structures for example). By recombining these motifs great strides have been made in building realistic protein folds.
The third area of progress which is particularly important is the successful development of methods for automated protein structure prediction, and methods for automatically assessing predictions. As the number of structurally uncharacterised protein families grows ever larger, it is vital that these automated approaches continue to be developed. Of course, as things stand, humans still hold the advantage over machines. For small numbers of families which are of the greatest biomedical interest, it is quite reasonable that manual intervention be used in the prediction or modelling process to improve results. An interesting suggestion at CASP4 was to launch a search for the 'Ten Most Wanted' protein structures (http://www.doe-mbi.ucla.edu/TMW/). The idea here is to identify a small number of proteins which are of critical biological importance, but whose structures have proved difficult to solve experimentally. The hope is to combine the efforts of the more skilful human predictors to build (hopefully) useful models for these proteins.
Perhaps the overriding conclusion that must be reached from the CASP4 experiment is that there is still a lot of work to do. Despite great strides forward, it is still the case that prediction methods are still not capable of producing accurate models in the vast majority of cases. In the case of comparative modelling, errors are still being made in the initial alignments which then have a catastrophic knock-on effect on the rest of the modelling process. It is also crucial that some way be developed for refining models so that they more closely match the native structure. Both these issues are of critical importance to structural genomics. The basic strategy of structural genomics projects is to solve the structure not of every single protein, but representatives from each protein family or superfamily. This strategy assumes, of course, that the problem of building accurate models for the other family members is a solved one. As yet, it is not.
In fold recognition it is still the case that in the absence of a template structure which shares obvious common ancestry with the target protein, then even when a correct fold is identified the alignments (and hence the 3-D models) are of very poor quality. However, even the recognition of a fold can provide some insight into the possible function of an uncharacterised gene product.
In ab initio (or rather 'new fold' prediction) there has been some quite remarkable progress in terms of producing low resolution models with approximately the correct topology. This is certainly true for the smaller alpha-helical target domains, but for the first time even small alpha-beta proteins are being correctly predicted in terms of approximate fold and architecture. There is still, however, little progress evident in the prediction of domains which are either comprised of mostly beta strands or domains which are larger than around 150 amino acids.
Perhaps one of the main areas of controversy is the relationship between computational approaches to protein folding and the ongoing structural genomics projects. Protein structure prediction is not likely to ever challenge experimental methods in the determination of accurate structural models for proteins. The role of protein structure prediction and modelling lies in the rapid analysis and annotation of proteins, the analysis of proteins for which experimental structure determination has proven to be difficult and the extrapolation from existing experimental structures to other members of the protein's family and superfamily. More importantly, computational methods should only ever be used to propose further experiments which can validate predictions. It might also be hoped that there lies a role for protein structure prediction in the actual experimental methods themselves, or as part of computational/ experimental hybrid approaches to determining protein structure. For example, NMR chemical shift analysis can provide a very accurate guide as to the locations of secondary structural elements within a target protein relatively quickly. Combining this information, plus a small number of long-range NOEs, and a fragment assembly method might produce a hybrid method capable of determining an approximate NMR structure much more rapidly than the technique on its own currently allows. 18, 19 Another possible source of long-distance constraints for a combined experimental/theoretical approach to novel fold determination would be to make use of chemical crosslinking experiments and mass spectrometry. Indeed, a preliminary study of the use of cross-linking experiments and a threading algorithm has already been described. 20 These are just two of many possibilities than one can envisage. Eventually, of course, the protein structure data banks will be so full as to render protein structure prediction a more or less academic problem. Eventually there will almost always be a close homologue of known structure for any given target protein. However, firstly this is unlikely to occur for quite some time (perhaps 15 years or even longer). Sec-
The Pharmacogenomics Journal ondly, there will still remain a rich selection of unsolved problems to keep theoreticians in structural biology busy for as long as they wish: de novo protein design, protein docking, membrane proteins, protein misfolding, drug design, to name but five. That's not including the ultimate challenge which should not be forgotten. We wish to become protein folding grandmasters in the end, where we finally understand the principles by which proteins fold. We should not be satisfied by simply becoming unbeatable chess computers.
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